Glucocorticoids are potent inhibitors of mouse skin tumorigenesis. The glucocorticoid control of cellular functions is mediated via the glucocorticoid receptor (GR), a well-known transcription factor. Recently, we generated transgenic mice overexpressing GR under control of the keratin5 (K5) promoter, and showed that K5.GR animals are resistant to skin carcinogenesis. Follicular epithelial stem cells (SCs), located in the bulge region of the hair follicle, are believed to be one of the target cells for skin carcinogenesis. We found that the number of putative hair follicle SC detected as labelretaining cells was significantly less in the K5.GR transgenics compared to wild type (w.t.) littermates. We also showed that GR overexpression led to a reduction in the clonogenicity of the follicular epithelial SCs. We evaluated the global effect of GR on gene expression in a population of follicular SC-enriched bulge keratinocytes isolated by fluorescence activated cell sorting. We found that GR affected the expression of numerous bulge SC 'signature' genes, genes involved in the maintenance of SC and progenitor cells of non-epidermal origin and proapoptotic genes. Our findings underscore the important role of GR signaling in the homeostasis of follicular epithelial SCs, and suggest that the reduction in their number may underlie the tumor suppressor effect of GR in the skin.
Introduction
Glucocorticoid hormones are potent inhibitors of keratinocyte proliferation and effective inhibitors of experimentally induced skin carcinogenesis in animal models especially at the stage of skin tumor promotion (reviewed in Budunova et al., 2003) .
The cellular response to glucocorticoids is mediated through the glucocorticoid receptor (GR), a well-known transcription factor (Beato et al., 1995) . In nonstimulated cells, GR resides in the cytoplasm bound to the complex of chaperone proteins including heat shock proteins (Hsp90, Hsp70, Hsp40) and immunophilins such as Fkbp51 (Beato et al., 1995; Pratt and Toft, 2003) . Following hormone binding, the GR dissociates from the chaperones and forms homodimers, which enter the nucleus. Chaperons including Fkbp51 play an important role in GR-mediated signaling: they affect GR/hormone-binding affinity, and are involved in GR shuttling between the nucleus and cytoplasm (Davies et al., 2002) . There are two major mechanisms of gene regulation by GR (Beato et al., 1995; De Bosscher et al., 2003; Necela and Cidlowski, 2004) . The direct positive transcriptional regulation of genes (transactivation) requires binding of the GR homodimer to glucocorticoid-response elements (GRE) in gene promoters. The indirect negative regulation (transrepression) is mediated via negative cross-talk with other transcription factors including AP-1, NF-kB and p53.
To study the effect of GR in skin tumorigenesis, we generated keratin5 (K5).GR transgenic animals in which K5 promoter drives GR expression to basal keratinocytes in interfollicular epidermis and in the outer root sheath of hair follicles, as well as to some other stratified epithelia (Perez et al., 2001) . In K5.GR transgenic animals, GR has a nuclear localization and appears to be constitutively active (Perez et al., 2001; Budunova et al., 2003) . We found that K5.GR transgenic animals are highly resistant to skin tumor development induced by activated v-Ha-ras oncogene followed by chronic treatment with tumor promoter (Budunova et al., 2003) . In mice with GR overexpression, skin tumors developed later, and the average number of tumors per animal as well as the average tumor volume were drastically decreased.
As a self-renewing tissue, the epidermis is governed by stem cells (SCs). Most of SCs in mouse epidermis reside in the bulge of hair follicles -a specialized region of the outer root sheath in the permanent segment of hair follicle (Cotsarelis et al., 1990 , Taylor et al., 2000 Fuchs et al., 2001) . These follicular epithelial SCs are similar to SCs in other adult tissues: they are slow-cycling and have a high potential for self-renewal (Lavker et al., 2003; Blanpain et al., 2004; Blanpain and Fuchs, 2006) . During times of proliferative need, these cells help to maintain the epidermis Lavker et al., 2003) .
There are several lines of evidence indicating that skin tumors including both papillomas and squamous cell carcinomas (SCC) originate from the follicular epithelial SCs (Morris, 2000; Owens and Watt, 2003) . Importantly, the loss of carcinogen-treated interfollicular keratinocytes did not affect SCC development during two-stage carcinogenesis, and the number of skin papillomas was decreased only twofold, suggesting a follicular origin of all malignant and a portion of benign skin tumors in mice (Morris, 2000) .
We report herein that the tumor suppressor effect of GR in the skin may be mediated through a decrease in the number of target cells (follicular epithelial SCs), changes in their proliferative capacity and alterations in their genetic profile that may lead to the decreased sensitivity to transformation.
Results
GR reduces the frequency of slow-cycling cells in the bulge of the hair follicles One of the most reliable ways to identify epithelial SCs takes advantage of the fact that these cells are normally slow-cycling, and hence can be identified experimentally as label-retaining cells (LRCs) (Bickenbach and Mackenzie, 1984; Morris et al., 1985) . To analyse the distribution of putative SCs detected as LRCs in hair follicles of K5.GR transgenic versus wild-type (w.t.) mice, we injected newborn pups (post-natal day 3) subcutaneously with 5-bromo-2-deoxyuridine (BrdU) for 3 days. This protocol resulted in B100% of the keratinocytes incorporating BrdU 24 h following the last injection in both w.t. and K5.GR newborn skin ( Figure  1a Figure 1 ). The purity of CD34 þ /a6-integrin þ sorted keratinocytes was B90% as confirmed by post-sort FACS analyses and cytospin immunostaining. It is worthy to mention that the number of CD34 þ / a6-integrin þ follicular SC-enriched bulge keratinocytes (calculated as % to all sorted keratinocytes) was 1.7 fold higher in w.t. skin compared to K5.GR transgenics (data not shown). This result confirmed our finding on the decreased number of putative follicular SCs in skin of K5.GR transgenics. Further, using a colony-forming assay, we showed that the clonogenicity of the CD34 þ /a6-integrin þ SCenriched keratinocytes isolated from K5.GR transgenic animals was decreased by 75% in comparison to w.t. keratinocytes (Figure 2) . Indeed, the number of large colonies (X4 mm in diameter) per plate was 6.372.3 in w.t. and 1.570.8 in K5.GR cell cultures.
Effect of GR overexpression on transcriptional profile of follicular epithelial stem cells To investigate the global effect of the GR on gene expression in follicular epithelial SCs, we analysed bulge keratinocytes using cDNA arrays. We performed three separate gene profiling experiments, and using 1.5-fold or greater change and a P-value of 0.05 as criteria for gene selection identified more than 200 genes whose expression was affected by GR in all comparisons of follicular epithelial SCs. Following the elimination of unknown genes, we selected B150 genes for further analyses. The results of gene ontology analysis for biological processes are presented in Supplementary  Figure 2 . The complete list of genes differentially affected by GR in SC is presented in Supplementary  Tables 1 and 2 .
Gene array validation
To validate the gene array results, we selected four upregulated (including GR itself) and five downregulated genes, and measured the change in their expression by quantitative real-time PCR (Q-RT-PCR). For validation we used the same RNA samples that were used for the array analyses, and eight additional RNA samples isolated from w.t. and K5.GR transgenic animals. The differential expression of eight out of nine genes studied was confirmed by Q-RT-PCR (Table 1) .
Next, we analysed the global changes in gene expression in w.t. a6-integrin þ /CD34 þ bulge keratinocytes versus w.t. a6-integrin þ /CD34À basal keratinocytes isolated from the same animals. We compared
Figure 2 GR reduced the clonogenicity of SC-enriched bulge keratinocytes. Keratinocytes were harvested from 7-8 week-old animals and sorted by FACS under sterile conditions. CD34 þ / a6-integrin þ keratinocytes (1000 cells/60 mm dish) were grown for 2-5 wks on 3T3 fibroblast feeder, fixed and stained with 1% Rhodamin B to visualize colony growth. Representative dishes with w.t. (a) and K5.GR (b) keratinocyte colonies. c GR probes on Affymetrix DNA array are recognized by both endogenous mouse and transgenic rat GR; primers and Taqman probe for Q-PCR were designed to detect only transgenic GR expression.
Effect of GR on follicular epithelial stem cells D Chebotaev et al putative follicular SC 'signature genes' in our array (not shown here) with recently published databases on the expression profiles of follicular SCs (Morris et al., 2004; Tumbar et al., 2004) . A high correlation was noted between our data and previously published reports. For example, among genes that were reported to be upregulated in preparations enriched in follicular epithelial SC, B80% (40/55 (Tumbar et al., 2004) ; 21/ 25 (Morris et al., 2004) ) were found on our SC/basal keratinocyte array.
Special groups of genes affected by GR in follicular epithelial SCs
The largest groups influenced by the GR in follicular epithelial SCs were genes encoding protein and nucleic acid metabolism, signal transduction, cell growth, adhesion and apoptosis (Supplementary Figure 2) . In addition, analysis of the DNA arrays revealed that GR induced profound changes in the expression of genes involved in SC and progenitor cell maintenance. The latter changes induced by GR in bulge SCs are unique, and have not been identified in a basal keratinocyte array (data not shown), thus we will specifically focus on these results below.
Bulge SC signature genes Examination of SC DNA array revealed that GR affected the expression of at least 13 genes (Table 2) from the previously published follicular SC gene databases (Morris et al., 2004; Tumbar et al., 2004) . Interestingly, GR signaling resulted in a lowered expression for many of the 'bulge-signature' genes including TGF-b2, IGFbp5, S100A4, Pdlim3, Sardh, Pfn2 and Tnfrsf11b (Table 2) whose expression is elevated in bulge SCs in mice (Morris et al., 2004; Tumbar et al., 2004) . In contrast, the expression of Ly6C, a gene whose expression is specifically inhibited in mouse bulge SCs was increased by GR. The changes in expression of IGFbp5 and S100A4 were confirmed by Q-RT-PCR (Table 1) .
Genes involved in maintenance of stem and progenitor cells of non-epidermal origin In addition to the genes specific for follicular epithelial SCs, GR affected the expression of at least nine genes important for the maintenance of stem and progenitor cells of non-epidermal origin. They include genes encoding transcription factors c-Myb, Sox6, Olig1 and Zbtb16; RNA-binding protein Elav2; cytokines Cxcl12 (Ward et al., 2000; Ito et al., 2003; Costoya et al., 2004; Smith and Sigvardsson, 2004; Dumitriu et al., 2006; Ligon et al., 2006) .
Genes related to apoptosis and terminal differentiation of keratinocytes Glucocorticoids induce differentiation of many different cell types; they also induce apoptosis in lymphocytes (Herold et al., 2006) . We found at least four apoptosisrelated genes on SC DNA array. Three pro-apoptotic genes: Bcl2l11, Tnfrsf21 and Gulp (Daniel et al., 2001; Su et al., 2002; Lu et al., 2006) were upregulated by GR. Overexpression of Tnfrs21 was confirmed by Q-RT-PCR (Table 1 ). We also found that the expression of the intermediate/late marker of keratinocyte differentiation, filaggrin (Blanpain and Fuchs, 2006) was increased in K5.GR bulge keratinocytes (Table 2) . Terminal deoxynucleotidyltransferase-mediated UTP end labeling (TUNEL) immunostaining has not revealed a statistically significant increase of apoptosis in the bulge area in K5.GR transgenics (data not shown). This may suggest that GR signaling did not directly induce apoptosis in follicular SCs, but decreased their survival potential.
Increased expression of chaperone protein Fkbp51: a potential mechanism of follicular epithelial SC protection against GR An important group of genes whose expression was affected by GR in follicular epithelial SCs are genes encoding chaperone proteins and regulators of GR folding such as immunophilins Fkbp51, Fkbp10, Fkbp14 and heat shock protein hsp40 (dnaj6) (Supplementary Tables 1 and 2). FK506-binding protein Fkbp51 is the highest of the upregulated follicular SC genes: its expression was increased by B10-fold (Table 1) . Fkbp51 encodes a chaperone protein that is a part of GR-heat shock protein complex (Davies et al., 2005) , and is known to inhibit GR effect on gene expression in different cells via sequestration of GR in cytoplasm (Davies et al., 2005) .
To verify that Fkbp51 protein was increased in K5.GR bulge keratinocytes, we used Western blot analysis. As the amount of protein that we were able to extract from bulge keratinocytes was very limited, we compared Fkbp51 expression in a6-integrin þ keratinocytes (basal keratinocytes from the interfollicular epidermis and bulge) isolated by FACS from K5.GR and w.t. animals. Fkbp51 protein was not expressed in a6-integrin þ cells from w.t. mice, but was significantly expressed in a6-integrin þ cells isolated from K5.GR mice (Figure 3) . This difference in Fkbp51 expression could be only attributed to the input from the bulge K5.GR keratinocytes as DNA array and Q-RT-PCR did not show any difference in Fkbp51 mRNA expression in basal interfollicular keratinocytes in K5.GR and w.t. animals (data not shown).
Discussion
Our work and those of others showed that GR signaling is important for the growth control of lymphoid and epithelial cells. Furthermore, in some tissues including skin, glucocorticoids act as potent tumor suppressors (Schwartz et al., 1977; Verma et al., 1983; Yao et al., 2004) . We found that the expression of GR is decreased in experimentally induced skin tumors in SENCAR mice especially during the early stages of skin carcinogenesis (Budunova et al., 1997) . To test the hypothesis that GR acts as a tumor suppressor in skin, we generated K5.GR transgenic animals (Perez et al., 2001) . We found that K5.GR transgenic mice are indeed highly resistant to chemical skin carcinogenesis: they developed significantly fewer and smaller skin papillomas than control animals (Budunova et al., 2003) . As it is well established that the follicular epithelial SCs located in the bulge region of the hair follicle are one of the primary targets for skin carcinogenesis, we have begun to dissect the effects that the GR has on these cells.
One of the major outcomes of GR overexpression was the decreased number of putative follicular epithelial SCs (LRCs) in the bulge of K5.GR animals. The detailed mechanisms behind this effect of GR remain to be elucidated. However, it is clear that GR decreased the proliferative potential of follicular epithelial SCs as assessed by their clonogenic activity in vitro. The expression profiling of bulge keratinocytes isolated by FACS suggested that GR may reduce the survival potential of the bulge cells: among the genes upregulated by GR were genes directly related to apoptosis such as Bcl2l11 (BCL2-like 11, also called Bim) and Tnfrsf21 (death receptor 6). Bim is a key regulator of apoptosis in different cells and tissues (Lu et al., 2006) . Tnfrsf21 belongs to the TNF receptor subgroup called death receptors, and can induce apoptosis in different cells via its death domain (Daniel et al., 2001) .
In addition, GR affected 13 genes that have been categorized as 'follicular SC signature genes'. This codification is based on the comparison of genes Effect of GR on follicular epithelial stem cells D Chebotaev et al expressed in basal keratinocytes and in enriched populations of follicular epithelial SCs (Morris et al., 2004; Tumbar et al., 2004 . Unexpectedly, the major mode of GR effect on the follicular SC 'signature genes' was against the gradient of their expression in the bulge. Many genes that are overexpressed in the bulge (TGF-b2, Igfbp5, S100A4 and others, Table 2 ) were downregulated by GR. In contrast, Ly6C, whose expression is low in bulge keratinocytes, was upregulated by GR. This suggests that the GR might diminish the 'stemness' of follicular epithelial SCs. Interestingly, some of the genes affected by GR: TGF-b2, TGF-b3, Igfbp3, Igfbp5, Fzd1 and Ankrd6 ( Supplementary Tables 1 and 2 ) are involved in TGF-b-, IGF-and Wnt-dependent signaling pathways that are particularly important for epidermal SCs. On the contrary, GR signaling did not affect the components of BMP signaling pathway that is also implicated in the maintenance of follicular epithelial SCs Blanpain and Fuchs, 2006) .
The cross-talk between the GR and either IGF or TGF-b signaling is known (Li et al., 2003; Li et al., 2005) , while the effect of glucocorticoids on Wnt pathway has not been well studied. However, recent publications strongly suggest that Wnt pathway is clinically and developmentally an important target for the effect of GR/glucocorticoids (Takayama et al., 2006) . Of relevance to this latter point, one of the significantly downregulated genes (expression is decreased by Bthreefold, Supplementary Table 1) is Ankrd6, a homolog of Diego in Drosophila. Ankrd6 is an essential component of the Wnt-signaling pathway that acts as a molecular switch, suppressing the canonical Wnt/beta-catenin pathway and stimulating Wnt/planar cell polarity signaling (Schwarz-Romond et al., 2002) .
In addition to the aforementioned 'signature' follicular SC genes, GR affected the expression of numerous genes that control proliferation, differentiation and the self-renewal of non-epithelial SCs and progenitor cells: embryonic SCs, hematopoietic progenitors, progenitors of neurons and others (Table 2 ). This finding is consistent with the known role of glucocorticoids in the regulation of SC/progenitor cells that depends on the cell context. For example, glucocorticoids are key regulators of stress-induced erythroid progenitor selfrenewal (Bauer et al., 1999) . Conversely, glucocorticoids are required for the chondrogenic differentiation of human mesenchymal SCs (Derfoul et al., 2006) . Even though the role of such genes in the maintenance of epidermal SCs has not been studied, one might expect that, owing to the commonalities in SC nature, some of those genes should be important for follicular epithelial SC maintenance.
Interestingly, GR 'signature' genes were noticeably different in follicular epithelial SCs and basal keratinocytes with only B5% overlap between SC and basal keratinocyte DNA arrays (basal cell array is not shown here). This finding suggests that unique SC microenvironment may modify GR function as a transcription factor. One of the noteworthy differences was the strong induction of chaperone protein Fkbp51 by GR specifically in SCs (Figure 3 ). Fkbp51 is a direct GR target gene (Hubler and Scammell, 2004) . This chaperone protein is known to inhibit nuclear import of GR and other steroid receptors, and to reduce GR activity in cells (Davies et al., 2005) . Thus, the induction of Fkbp51 may represent the important mechanism (through the negative feedback loop) of self-protection of SCs against the consequences of chronically activated GR signaling. Interestingly, the Fkbp51-based protection mechanism was specific only for the bulge keratinocytes: we did not find the Fkbp51 induction by GR in basal keratinocytes (data not shown).
In summary, our work indicates that follicular epithelial SCs are highly sensitive to GR-mediated signaling. We found that not only the number of putative follicular SCs was decreased, but also their proliferative potential was markedly abrogated in K5.GR skin. In addition, GR induced profound changes in the expression of genes involved in SC maintenance. This suggests a novel mechanism for the tumor suppressive effect of GR in skin that is mediated via a reduction in the follicular epithelial SCs, which lessens the potential targets for skin carcinogenesis.
Materials and methods

Animals
K5.GR hemizygous mice, line 285 in B6D2 (F1 C57Bl Â DBA) genetic background have been previously described (Perez et al., 2001) . B6D2 females for breeding were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). All animal experiments were performed in compliance with ACUC protocols approved by the Northwestern University Animal Care and Ethics Committee.
Detection of slow-cycling cells (LRC)
LRCs were detected as published previously (Taylor et al., 2000) . Newborn K5.GR and w.t. pups (post-natal day 3-5) were injected subcutaneously (s.c.) with BrdU (50 mg/g body weight) twice daily for 3 days. Mice were killed 24 h, 4 and 8 weeks after injections, and skin samples were used for BrdU immunostaining. Quantitative analysis of LRCs is described in Supplementary material no. 1.
Isolation of keratinocyte subpopulations by FACS
þ SC-enriched bulge keratinocytes and a6-integrin þ /CD34 À basal keratinocytes from the dorsal skin of K5.GR. and w.t. littermates at telogen stage of hair cycle (7-8 weeks of age) were isolated by FACS analysis as previously published (Trempus et al., 2003; Morris et al., 2004) . For detailed description, see Supplementary material no. 2.
Colony-forming assay Colony-forming assay was performed as was described (Trempus et al., 2003; Morris et al., 2004) . Bulge keratinocytes isolated by FACS were plated onto the monolayer of irradiated Swiss 3T3 fibroblasts (1000 keratinocytes/60 mm dish) and grown at 321C in William's E medium (Gibco, Rockville, MD, USA) containing 20% fetal bovine serum 
Microarray analysis of GR effect on gene expression
For the microarray analyses, we isolated a6-integrin þ / CD34 þ bulge keratinocytes and a6-integrin þ /CD34-basal keratinocytes by FACS from individual K5.GR. animals and w.t. littermates at the age of 7-8 weeks. RNA amplification, labeling, and hybridization were performed at the Microarray & Genotyping core at the Center for Genetic Medicine at Northwestern University according to the DNA chip manufacturer's protocols (Affymetrix, Santa Clara, CA, USA). Data analysis was performed at the Bioinformatics Core at Robert H. Lurie Cancer Center at Northwestern University. For additional information see Supplementary material no. 4.
Immunostaining Formalin-fixed mouse skin samples were used for BrdU staining. After Ag retrieval (5 min at 20-25 psi in citric buffer, pH 6.0), the tissues were blocked with 10% horse serum in PBS, incubated with mouse monoclonal anti-BrdU antibody (BD Biosciences, San Jose, CA, USA) followed by biotinylated secondary anti-mouse IgG from Mouse-on-mouse kit and ABC reagent from Standard VECTASTAIN Elite ABC kit (Vector Laboratories, Burlingame, CA, USA). Immunostaining was visualized with DAB chromogen (Vector Laboratories, Burlingame, CA, USA), and tissues were counterstained with Gill's hematoxylin (Vector Laboratories, Burlingame, CA, USA). CD34 and a6 integrin immunostaining is described in Supplementary material no. 5.
Quantitative real-time PCR
TaqMan real-time quantitative PCR to validate the gene array results was performed using ABI Prism 7900 (Applied Biosystems, Foster City, CA, USA). Reverse transcription and amplification of total RNA (1-3 ng) from a6 þ CD34 þ keratinocytes was accomplished in a one-step format with TaqMan One-Step RT-PCR Master Mix Reagents Kit (Applied Biosystems, Foster City, CA, USA) and predesigned/pre-optimized gene-specific TaqMan primers and probes from TaqMan Gene Expression Assays Kits with mouse GAPDH as endogenous control (Applied Biosystems, Foster City, CA, USA).
Western blot analysis
Keratinocytes from the dorsal skin of K5.GR. and w.t. littermates at 7-8 weeks of age were harvested as described above. a6-Integrin þ keratinocytes consisted of basal bulge and interfollicular keratinocytes were isolated by FACS. The whole-cell protein extracts were prepared using RIPA buffer as described previously (Yemelyanov et al., 2006) 
